Abstract The presence of del(5q), either as the sole karyotypic abnormality or as part of a more complex karyotype, has distinct clinical implications for myelodysplastic syndromes (MDS) and acute myeloid leukemia. The 5qÀ syndrome, a subtype of low-risk MDS, is characterized by an isolated 5q deletion and <5% blasts in the bone marrow and can serve as a useful model for studying the role of 5q deletions in the pathogenesis and prognosis of myeloid malignancies. Recent clinical results with lenalidomide, an oral immunomodulatory drug, have shown durable erythroid responses, including transfusion independence and complete cytogenetic remissions in patients with del(5q) MDS with or without additional chromosomal abnormalities. These results indicate that lenalidomide can overcome the pathogenic effect of 5q deletion in MDS and restore bone marrow balance. The data provide important new insights into the pathobiology of 5q chromosomal deletions in myeloid malignancies.
Cytogenetic abnormalities are detected in the bone marrow of over 50% of patients diagnosed with primary myelodysplastic syndromes (MDS) or myeloid leukemias, and up to 80% of patients with secondary or therapy-related MDS (1, 2) . These abnormalities can be characterized as being balanced or unbalanced (3, 4) . Balanced cytogenetic abnormalities include reciprocal translocations, inversions, and insertions (3, 5, 6) . Whereas balanced chromosomal abnormalities are prevalent in myeloid leukemias, such as acute myelogenous leukemia (AML) or chronic myelogenous leukemia, they are uncommon in MDS (3, 5) . Conversely, unbalanced chromosomal abnormalities, which reflect a gain or loss of chromosomal material, also occur in myeloid leukemias, but are particularly common in MDS. In myeloid malignancies, the nature of chromosomal abnormalities has a profound effect on disease pathogenesis, prognosis, intensity of treatment, and response to treatment (3, 6 -9) .
Interstitial 5q deletions are the most frequent chromosomal abnormalities in MDS and are present in 10% to 15% of MDS patients as either the sole karyotypic abnormality or in combination with other chromosomal abnormalities (2, 10) . The 5qÀ syndrome is a distinct subtype of MDS defined by the presence of an isolated interstitial deletion of chromosome 5q and <5% blasts in the bone marrow (11 -13) . Originally described >30 years ago by Van den Berghe et al. (14 -16) , the 5qÀ syndrome is characterized clinically by a marked female preponderance, refractory macrocytic anemia, normal or high platelet counts, hypolobulated megakaryocytes, and modest leukopenia (11, 14, 17) . The prognosis is favorable in 5qÀ syndrome with relatively low risk of transformation to AML (11, 18) . Although the limits of 5q deletions vary among patients with 5qÀ syndrome, the most frequent deletion is del(5)(q13q33) and, in nearly all cases studied, the critical region of deletion includes 5q31 (11, 17, 19) .
Because 5qÀ syndrome has an interstitial 5q deletion as the sole karyotypic abnormality, the disease provides a unique opportunity for studying the effect of 5q deletion on bone marrow function and hematopoiesis as well as assessing the role of targeted therapies. This review discusses the biological significance of 5q deletion with respect to hematopoiesis and bone marrow function and the prognostic and clinical effect of 5q deletion in MDS and AML. Encouraging results from recent clinical trials assessing the use of the immunomodulatory drug (IMiD, a registered trademark of Celgene Corporation, Summit, NJ) lenalidomide in the treatment of patients with MDS and 5q deletion will also be discussed.
Biological Significance of 5q Deletion in Hematopoiesis and Bone Marrow Function MDS are clonal hematopoietic stem cell disorders characterized clinically by ineffective hematopoiesis as a consequence of abnormalities in proliferation, differentiation, and apoptosis of hematopoietic precursors and their progeny. These disorders are typically more prevalent in the elderly with the median age at diagnosis between 60 and 80 years (3, 20 -22) . Overall, the clinical picture includes peripheral cytopenias in the setting of normocellular or hypercellular bone marrow and increased risk of transformation to AML. Hypocellular bone marrow is less common in MDS. A summary of the clinical and hematologic features that are specific to the 5qÀ syndrome subtype of MDS is shown in Fig. 1 (11, 13, 15, 22) . Bone marrow features associated with 5qÀ syndrome include hypolobulated megakaryocytes, erythroid hypoplasia, and <5% blasts.
Role of tumor suppressor genes in MDS pathogenesis. Chromosome 5q contains many genes that are involved in the regulation of hematopoiesis, including cytokines and their receptors, cell cycle regulators, transcription factors, and signaling mediators. The clustering of hematologic genes between 5q13 and 5q33 suggests a correlation between the genetic abnormality and the clinical features of 5qÀ syndrome and other del(5q) MDS subtypes (19, 23) .
The prevalence of 5q deletions in patients with MDS raises the possibility of a tumor suppressor gene on the long arm of chromosome 5, the loss of which is the basic event leading to disease progression. Efforts to localize such a gene has resulted in the identification of critical, minimally deleted regions (24 -26) . In 5qÀ syndrome, the critical region of gene loss has been defined as a 1.5 Mb region at 5q31-q32 flanked by D5S413 and the GLRA1 gene (25, 26) . Many genes have been mapped to this region, as evidenced by a review of the Online Mendelian Inheritance in Man database of the National Center for Biotechnology Information (http://www.ncbi.nlm.-nih.gov/Omim/getmap.cgi?). Table 1 shows a selection of genes localized on the commonly deleted segment of chromosome 5 in the 5qÀ syndrome. This region is distinct from and distal to a 1.5 Mb region at 5q31.1 flanked by the genes IL-9 and EGR-1 and deleted in AML and other forms of MDS involving 5q deletions (24, 27) . The specification of two separate genomic intervals on chromosome 5q implies that a different gene or group of genes contributes to the pathogenesis of these different myeloid disorders. These findings are consistent with categorizing 5qÀ syndrome as a distinct subtype of MDS with a different pathogenesis than other forms of MDS involving 5q deletions (28) .
To date, no single tumor suppressor gene responsible for MDS on chromosome 5q has been identified. Although there are a number of interesting candidates (e.g., MEGF1 and G3BP), none have yet been shown to be critical for disease progression (19, 28) . Given the large size of the 5q deletions often occurring in MDS and the absence of a clear candidate gene, it is possible that one of several genes could result in MDS. An alternate possibility is a gene dosage effect caused by deletion of multiple genes contained in the 5q region, which are functionally related to hematopoiesis.
Clonal basis of disease in 5qÀ syndrome. The frequency of 5q deletions, as well as other chromosomal abnormalities in MDS, indicates that these abnormalities are not random events but rather reflect the clonal evolution and multistep pathogenesis of MDS (21, 29) . According to a multistep model, initiating or ''primary'' genetic lesions, which may be acquired or caused by spontaneous mutation, within a hematopoietic stem cell promote the acquisition of ''secondary'' genetic events, characterized by stepwise losses and/or gains of specific chromosomal regions (e.g., 5qÀ, À7, or +8; ref. 29) . These secondary genetic alterations may affect cell cycle control, transcription, and/or tumor suppressor activity, providing the MDS clone with a growth advantage, resulting in expansion of the clone and potential for leukemic transformation.
To identify the cell of origin in 5qÀ syndrome, Nilsson et al. (30) ) from MDS patients with a 5q deletion between bands 5q13 and 5q33. These included patients with 5qÀ syndrome. Virtually all (>90%) CD34 + CD38 À cells belonged to the 5qÀ deleted clone, indicating that a lymphomyeloid hematopoietic stem cell is the primary target of 5q deletions in MDS and that 5q deletions represent an early event in MDS pathogenesis (30) . Notably, although a pluripotent hematopoietic stem cell is the primary target of 5q deletions, mature lymphocytes do not seem to be involved in the 5qÀ clone, suggesting that the transformed pluripotent stem cell lacks the ability to differentiate toward lymphocytes (30) .
Cellular distribution of 5q31 deletion within the bone marrow in 5qÀ syndrome. In bone marrow smears of patients with 5qÀ syndrome, the 5q31 deletion is found in all three principal hematopoietic lineages (erythroblasts, granulocyte precursors, and megakaryocytes; refs. 30, 31) . This is consistent with transformation of a pluripotent stem cell, described above, retaining the ability to proceed along multiple differentiation pathways (30, 31) . Bigoni et al. (31) found that despite the fact that all erythrocytes in bone marrow smears of patients with 5qÀ syndrome were consistently macrocytic, the 5q31 deletion was observed in only 35% to 50% of erythroblasts. The presence of the 5q31 deletion in only a portion of the erythroblasts indicates a mosaicism of cytogenetically altered and normal cells in the bone marrow. This mosaicism was found across all three lineages in 5qÀ syndrome and seems to be a general phenomenon in MDS (31) .
Effect of 5q deletion on bone marrow dysfunction. Ineffective hematopoiesis in MDS is due primarily to excessive apoptosis of hematopoietic progenitors and their progeny in the bone marrow (7, 32) . Increased rates of apoptosis in MDS may be triggered by intrinsic cellular mechanisms or by a cytokine/ growth factor imbalance in the local environment. In 5qÀ syndrome and other forms of MDS with 5q deletion, the underlying genetic abnormality itself can give rise to aberrant cytokine production and inappropriate signaling due to deletion of one or more of the corresponding genes (7) . Cytokine imbalance in the bone marrow can have broad effects Research.
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However, bone marrow dysfunction in MDS patients with 5q deletions may be less pronounced than in other forms of MDS. Washington et al. (33) , for example, found significantly lower rates of apoptosis in bone marrow cells isolated from patients with 5qÀ syndrome versus patients with other refractory anemias. They hypothesized that lower apoptosis in 5qÀ syndrome may explain the milder clinical course of the disease and distinguish 5qÀ syndrome from other MDS. Furthermore, Lopez-Holgado et al. (34) found a higher proportion of myeloid-committed progenitors in patients with 5q deletions compared with MDS patients with trisomy 8 or normal karyotype. Moreover, these myeloid-committed progenitors from patients with 5q deletions were less impaired as indicated by higher plating efficiencies in long-term bone marrow cultures compared with progenitors from patients with normal karyotype or monosomy 7. Together, these 
Prognostic and Clinical Effect of 5q Deletion: Importance of Context
The most significant independent prognostic variables in MDS are the percentage of bone marrow blasts, the number of cytopenias, and cytogenetics. By weighting these variables according to their statistical power, an International Prognostic Scoring System separates MDS patients into four distinct risk categories regarding survival and potential for evolution to AML: low, intermediate-1, intermediate-2, and high risk (35) .
5qÀ Syndrome: clinical features, prognosis, and treatment. By the International Prognostic Scoring System, patients with 5qÀ syndrome have a relatively good prognosis with low risk of transformation to AML and are assigned to the low-risk MDS category (35) . These patients typically have an isolated 5q deletion between bands 5q31 and 5q33 and a medullary blast count <5% (11, 17, 22) . Despite the low risk of transformation to AML in these patients, the dependence on RBC transfusions often has a negative effect on morbidity and mortality (18, 36) . The presence of additional chromosomal abnormalities and/or high medullary blast percentage in patients with a 5q deletion can have a negative effect on disease progression and survival. In an analysis of 72 patients with del(5q) MDS, the median survival in patients with an isolated 5q deletion was 107 months, whereas the presence of one additional chromosomal abnormality reduced the median survival to 47 months (P = 0.06; Fig. 2A ). An increased medullary blast count of >5% in patients with an isolated del(5q) also results in reduced median survival (24 months; Fig. 2B ). Patients with complex karyotypes, including del(5q31), have a particularly ominous prognosis. Regardless of their medullary blast count, they succumb to their disease within 7 to 8 months ( Fig. 2B; ref. 37 ).
All del(5q) MDS patients eventually become transfusion dependent. Studies investigating the potential of low-dose 1-h-D-arabinofuranosylcytosine in MDS patients with isolated 5q deletion or one additional chromosomal abnormality have shown good response rates (38, 39) . The problem with this treatment option is that cytopenias occur frequently, which may be harmful to the patient. The differentiating agent, alltrans-retinoic acid, has also been investigated for treatment of MDS patients with 5q deletion, with only marginal effects in these patients (40) . Until recently, supportive care, especially frequent RBC transfusions, has been the principal treatment for 5qÀ syndrome (41).
Stewart et al. (42) analyzed outcomes of hematopoietic stem cell transplants in patients with MDS and 5q deletion as the sole karyotypic abnormality versus 5q deletion in combination with other chromosomal abnormalities. Overall, patients with 5q deletions as the sole karyotypic abnormality had better outcomes as revealed by lower rate of relapse and increased prevalence of relapse-free survival. However, stem cell transplant did not improve the overall survival of patients with 5qÀ syndrome compared with outcomes observed in other patient series (13) . Owing to the very good prognosis of patients with 5qÀ syndrome, allogeneic stem cell transplant is only appropriate for carefully selected patients (13) .
5q Deletions in other MDS subtypes and AML. Unlike 5qÀ syndrome, the presence of 5q deletions in high-risk subtypes of MDS and AML is an unfavorable prognostic factor, associated with rapid disease progression and poor outcome and survival. In AML, 5q deletion is usually associated with a complex karyotype and is also associated with poorer outcomes following treatment (4, 6, 43) . However, a small proportion of patients with a single del(5q) aberration, >1 normal metaphase in cytogenetic examination, and no antecedent Fig. 2 . Negative effect of additional chromosomal abnormalities or elevated blast count on overall survival of MDS patients with del(5q). A, the overall survival of patients with isolated 5q deletions and a blast count of <5% is adversely affected by one additional chromosomal abnormality, although this result did not reach statistical significance [P = 0.06, median survival 107 months for 5qÀ syndrome versus 47 months for del(5q) <5% blasts and one additional chromosomal abnormality]. B, the overall survival of 5qÀ patients with >5% blasts and an isolated del(5q) is reduced to 24 months and exceeds that of patients with del(5q) and complex karyotypic abnormalities <5% blasts by far (median survival 8 months, P = 0.001). RA, refractory anemia; RARS, refractory anemia with ringed sideroblasts. Research.
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Targeting the 5qÀ clone. New treatment strategies in MDS are beginning to target the underlying genetic defect and molecular mechanisms that give rise to the disease. This approach has tremendous promise in the treatment of myeloid malignancies as shown by the successful use of the tyrosine kinase inhibitor imatinib in chronic myelogenous leukemia.
If the 5qÀ clone is targeted effectively, patients should experience hematologic improvement and cytogenetic remission. From a biological perspective, effectively targeting the 5q deletion involves restoring bone marrow balance and normalizing hematopoiesis. For patients with 5q deletions, a standardized approach to evaluating hematologic improvement is to assess erythroid response by measuring hemoglobin levels and/or dependence on RBC transfusions. The goal of therapy is to reduce or eliminate transfusion dependence.
5qÀ Cytogenetic remitting activity of lenalidomide. Lenalidomide is a more potent structural analogue of thalidomide that is nonteratogenic in animal models (45) . Whereas these molecules are structurally similar, they exhibit distinct biological properties and have different safety profiles (45) . Lenalidomide treatment seems to have remarkable erythroid and cytogenetic remitting activities in patients who have MDS with a 5q31.1 deletion (46) . In a safety and efficacy study of 43 MDS patients, lenalidomide was highly effective in restoring RBC production in patients with MDS-related anemia. Twenty-four patients (56%) experienced an erythroid response, according to International Working Group response criteria, including major responses in 21 patients (46) . Transfusion independence was achieved in 20 of 32 (63%) previously transfusion-dependent patients and a >2 g/dL increase in hemoglobin was achieved in 1 of 11 patients (9%) who had no transfusion requirements. As shown in Fig. 3 , the erythroid response rate varied by cytogenetic pattern and was highest among patients with a chromosome 5q31.1 deletion (10 of 12; 83%) compared with patients who had normal karyotypes (13 of 23; 57%) or other chromosomal abnormalities (1 of 8; 12%), P = 0.007 (46) .
Cytogenetic remissions in MDS patients with a 5q31.1 deletion were frequently achieved with lenalidomide treatment ( Lenalidomide treatment was generally well tolerated. Myelosuppression was the most frequent grade 3 or 4 adverse event, but was manageable with dose reduction or interruption. The occurrence of myelosuppression did not correlate with erythroid or cytogenetic response (46) .
Preliminary data from a larger multisite trial of lenalidomide in 148 patients conducted in over 30 clinical sites support these findings. Preliminary results indicate that 64% of patients have achieved transfusion independence (47) . Cytogenetic response was achieved in 75% of patients, with complete cytogenetic response in >50% of cytogenetic responders. Notably, the highest response was reported in MDS patients who have an isolated 5q deletion. Overall, lenalidomide seems to rid these patients of the effects of the 5q deletion that defines the condition.
Restoring bone marrow function. The immunomodulatory activity of lenalidomide may correct the effects of 5q deletion in the bone marrow by rebalancing growth and differentiation signals within the microenvironment. The aberrant bone marrow morphology seen in 5qÀ syndrome was restored to normal in patients who were treated with lenalidomide (46) . Restoration to normal histology included the size, number, and nuclear morphology of megakaryocytes.
How does lenalidomide work to eliminate the 5qÀ clone and restore effective erythropoiesis? Like the parent compound thalidomide, lenalidomide has both antiangiogenic and tumor necrosis factor-a inhibitory properties (45) . The antiangiogenic activity of lenalidomide may play a role in inhibiting expansion of the 5qÀ clone by decreasing microvessel density in the bone marrow. Also, the tumor necrosis factor-a inhibitory properties of lenalidomide may play a role in reducing the rates of apoptosis of hematopoietic progenitors in the bone marrow (9, 22) . Furthermore, a recent study showed that lenalidomide has preferential antiproliferative Fig. 3 . Effect of karyotype on erythroid response rates to lenalidomide treatment. The cytogenetic profile significantly correlated with erythroid response to lenalidomide treatment (P = 0.007). Among the MDS patients studied, the patients with confirmed del(5)(q31.1) experienced the highest erythroid response rate (46). activity on cell lines carrying a 5q deletion (48) . This inhibition seemed to be due to G 0 -G 1 arrest with a small apoptotic component. Furthermore, in one of the cell lines carrying a 5q deletion, lenalidomide interfered with growth regulatory signals by inhibiting Akt phosphorylation in response to CD19 or erythropoietin and increased expression of cell adhesion genes found at the 5q locus (48) . These molecular events suggest that the 5qÀ hematopoietic precursors and their progeny are eliminated by lenalidomide treatment. Overall, lenalidomide seems to be a multifunctional immunomodulatory/antiangiogenic agent that can act on multiple molecular targets to inhibit expansion of the 5qÀ clone and apoptosis of hematopoietic progenitors in the bone marrow.
Conclusions
The remarkable clinical heterogeneity of myeloid malignancies, which has been a challenge for developing more effective treatments, is now being addressed at its genetic basis. Specific cytogenetic and molecular genetic abnormalities, such as 5q deletion, underlie the individuality of each MDS/AML case and, ideally, treatment should be individualized for each patient to optimize outcomes. The 5q cytogenetic remitting activity of lenalidomide provides an exciting opportunity to explore both the biology and the clinical effect of targeting the 5q chromosomal abnormality, which occurs frequently in patients with MDS and AML and effects prognosis.
